The wettability of molten zinc-aluminum on a steel substrate is an important issue in the hot-dip galvanizing process for automotive applications. Especially, the effects of surface oxides have been current topics during recent years. However wetting behavior under the effects of oxide has not been well illustrated due to the complexity of the surface of actually used steel. In this work, wetting experiments using molten zinc-aluminum were applied to tailored model surfaces of iron to investigate its fundamental behavior. Well-defined aluminum oxide islands were successfully patterned on iron surfaces by physical vapor deposition with masks for this purpose. The sessile drop method with zinc-aluminum was conducted in a laboratory-made apparatus. This apparatus included a unique spin-off technique that allowed us to make an interface analysis at the early stage of wetting. The initial contact angles of the patterned samples were revealed to have followed the Cassie equation. This indicates that the wetting of zinc-aluminum on an oxide-iron system can be treated as if it is a static wetting in its initial stage, even though this system is originally considered as a reactive wetting. The molten zinc-aluminum on a patterned sample diffused into the interface between the oxide islands and the substrate in the stage after initial wetting. It is suggested that this manner of zinc-aluminum diffusion plays a key role in the reaction and formation of the interface during the hot-dip galvanizing process.
Introduction
Hot-dip galvanizing is a process widely used for automotive steel sheets. The wettability of molten zinc on the steel substrate is an important issue in this process. Especially, the effect of surface oxide has been one of the most important topics in recent years. This is because weights of high strength steel sheets have increased, and as well, elements such as aluminum, silicon and manganese are typically contained in high strength steel which form oxides on the steel surface and thus tend to disturb the wetting of the molten zinc in the process. [1] [2] [3] [4] [5] [6] Because of this situation, various industrial process techniques have been suggested and developed to improve the wettability of high strength steel. At the same time, the importance of a fundamental investigation of wetting behavior has increased in order that new ideas can be developed.
Fundamental studies have mainly focused on correlating the wettability with surface features of substrate steels in order to sort out the factors that control the wettability. [7] [8] [9] [10] [11] [12] [13] [14] In these studies, the development of a quantitative evaluation method for wettability has also been an important issue. In general, the sessile drop method is supposed one of the promising methods to evaluate wettability including reactive wetting at high temperatures. [15] [16] [17] It has been applied also to study the galvanizing process by several research groups recent years, leading to an consensus that surface oxides disturb wetting. 7, 13, [18] [19] [20] [21] However, the specific effects of oxides during wetting have not been clearly illustrated yet. Especially, the relation between wettability and oxide coverage, or the reaction process under the effects of oxide remain to be clarified. This is because surfaces of the actual steel materials which are usually provided for such investigations are too complicated to easily grasp the fundamental wetting behavior in terms of distribution in composition, shape, coverage of the surface oxide and also the roughness or structure of the substrate and so on.
The motivation for this study was based on the realization of the difficulty of investigation on actually used surfaces. Frenznick et al. pioneered the use of model surfaces with artificially prepared oxide layers for a fundamental investigation using the sessile drop method. However, wetting experiments on oxide patterned samples have not been sufficiently done due to the difficulty of surface preparation. 19) Our work started with preparing simple model surfaces so that fundamental wetting behaviors on well-defined substrates using the sessile drop method can be studied. The model surfaces in this work were patterned oxide islands prepared by PVD (physical vapor deposition) using masks on a flat pure iron substrate. In this report, the relationship between the initial contact angle and oxide coverage in the early stage of wetting and the manner of its diffusion in the following spreading stage will be presented and discussed. These results could be obtained because the wetting experiments were conducted on model surfaces with well-defined oxide islands.
Experiment

Tailoring Model Surfaces
Well-defined oxide islands were prepared on flat iron substrates by PVD using masks, which is generally known as the lift-off method. The concept of the process is shown in Fig. 1 . In this work, pure iron sheet (<4N, supplied by Goodfellow GmbH) was employed as the substrate so that any other elements would not affect the surface composition during experiments that involved heat treatments. The substrate was 15 mm × 15 mm × 1 mmt and the surface was mirror polished finished with silica particles of 0.2 μ m in diameter. As deposited material, Al2O3 was chosen from various typical surface oxides of steels, because Al2O3 is very stable compared to other silicon or manganese oxides. Deposition was conducted by electron bombardment on Al2O3 granules in a high vacuum. The thickness of the oxide was measured by AFM (atomic force microscopy) and was controlled to be between 20 to 30 nm by deposition time. The prepared aluminum oxide was identified as Al2O3 by FT-IR (Fourier transform infrared spectroscopy) both before and after an experiment that involved heat treatments as described below. Meanwhile, the oxide was confirmed to be not crystalline, because diffraction peaks were hardly observed by a XRD (X-ray diffraction) measurement.
Two kinds of lift-off process for oxide patterning were employed in this work. The first way was with a commercially available metal mesh as the mask. The meshes used in this work were 1 000 mesh made of copper and 2 000 mesh of nickel, supplied by Plano GmbH. 1 000 mesh and 2 000 mesh mean 1 000 or 2 000 holes per inch, and will be referred as M-1 or M-2 in this report, respectively. The mask was simply put and fixed by scotch tape on the substrate, and just removed after deposition. This method was very simple but the size of each island could not be achieved finer than the order of 10 μ m. As a second way, we applied perforated films commercially supplied by Quantifoil Micro Tools GmbH for our purpose. Perforated films made of plastic were prepared directly on our substrate. Three types of plastic mask were made, which will be referred in this report as Q-1 (2 μ m hole and 2 μ m space), Q-2 (2 μ m hole and 1 μ m space) and Q-3 (0.6 μ m hole and 1 μ m space). The plastic mask was dissolved in an organic solvent after deposition, followed by cleaning in oxygen plasma, or so-called plasma ashing.
SEM (scanning electron microscopy) images of the prepared samples are shown in Fig. 2 all at the same magnification. These are secondary electron images, which were taken with low accelerating voltage of 1 kV so that the surface thin oxide layer could be observed. 22) Figures 2(a) and 2(b) are the bare iron substrate and the iron substrate fully covered by Al2O3, respectively. The oxide layer was observed as having darker contrast compared to the bare iron as in these figures. Figures 2(c) and 2(d) are patterned samples with using metal mesh, M-1 and M-2, respectively. The deposited Al2O3 islands were observed in dark contrast as above. The other three kinds of patterned samples prepared with using finer plastic masks are shown in Figs. 2(e) to 2(g), which are Q-1, Q-2 and Q-3, respectively. The oxide coverage was estimated from SEM images of each sample, and the values are noted in each image.
Wetting Measurements
The wetting experiments were carried out in an in-housebuilt apparatus, HoMeR (hot melt rotator). The details of the apparatus are described elsewhere. 18, 20) A glass syringe with zinc base material was installed and heated by infrared lamps to melt the material above a sample in the main chamber. Zinc material containing aluminum of 0.2 wt% was used for wetting in this work. In order to avoid the oxidation of the molten material, 5 vol%H2-95 vol%N2 was introduced into the main chamber, which maintained an extremely low dew point (<-80°C). In this work, the specimen was annealed at 550°C for 1 minute and subsequently cooled down to 465°C for wetting measurements. Zinc-aluminum droplets were dropped on the specimen and their wetting behaviors at 465°C were recorded by a video camera. These droplet sizes were maintained at around 2-3 mm in diameter.
In addition to the ordinary sessile drop method, this apparatus had a unique sample spinning function. After a given time, the sample was spun with a rotation speed up to 3 500 rpm. The molten zinc could be driven off the surface by the spinning. This stops the reaction between the molten zinc and the substrate and allows us to access the interface for analysis without either etching or cross sectioning. Contact angles and wetting radius were measured from the recorded images, and plotted versus reaction time.
Results
Wetting Behaviors
In Fig. 3 , extracted images from recorded videos of wetting are shown as examples. Figure 3(a) is that of the bare iron, which showed very good wetting with a small contact angle and rapid spreading. On the other hand, the sample fully covered by aluminum oxide presented a large contact angle and no spreading at least in the 3 seconds as shown in Fig. 3(c) . The middle column, Fig. 3(b) , is from one of the patterned samples, Q-2. It was wetted but not so well as the bare iron due to the existence of the surface oxide.
The wetting behaviors, or changes in contact angles and wetting radius in time, are shown in Fig. 4 . Those of the bare iron, the fully covered sample and the Q-2 as an example of a patterned sample are in the figure. As already shown by images in Fig. 3 , the bare iron presented a small contact angle and rapid spreading and the fully covered sample presented a large contact angle and no spreading. It should be noted that the contact angle of the patterned sample had two stages. At the initial stage, the contact angle was almost stable and the wetting radius also hardly changed. After a certain time, typically less than 1 second, the droplet started to spread and its contact angle was reduced. This feature is consistent with other reports on zinc wetting on steel sheets. [12] [13] [14] 21) It is generally considered that the initial stage would relate to 'wettability' and the following spreading stage with further changes in the contact angle and the wetting radius could relate to 'reactivity'.
Initial Contact Angle
At first, the contact angles at the initial stage, or the initial contact angle, were evaluated for each patterned sample. In  Fig. 5 , the cosines of the initial contact angles are shown with respect to oxide coverage. Although the sizes of oxide islands on each sample varied, the data points lay mostly on a straight line. This revealed that the initial contact angle mostly related only to its oxide coverage. This relationship is generally known as the Cassie equation 23) as follows;
where aox is the oxide coverage, θox and θmet are the contact angle of the oxide and metal, respectively. It should be noted that the Cassie equation originally describes a static wetting, which does not include any reaction between wetting and wetted materials. On the other hand, it has been mentioned that the initial stage could be treated as a static wetting in some cases, even though it is a reactive wetting system. The results shown here are the first verification that the wetting of zinc-aluminum on oxide-iron system, which presents a reactive wetting, can be treated as a static wetting at its initial stage. To figure out the interface between droplet and substrate at the initial stage of wetting, the sample spinning system was utilized. Figure 6 shows extracted images from a video during wetting of the Q-2 sample with sample spinning. In this case, the sample was spun about 4.1 seconds after the start of the usual wetting procedure, and the liquid part of the droplet was driven off about 0.6 seconds after the start of spinning. Through this, reaction between molten zincaluminum and the substrate ceased, and the interface was exposed. This allowed us to analyze the interface at the early stage of the wetting directly without etching or cross sectioning. Figure 7 shows a SEM image of the interface exposed at about 4.7 seconds by the sample spinning as described above. The inside of the dashed line circle corresponds to the wetted region at the initial stage of the wetting. The SEM images from outside of and in the center of the wetted region are shown in Figs. 8(a) and 8(b) , respectively. Figure  8(a) shows the surface that was not affected by wetting, or was supposed to be identical to the surface before wetting. Meanwhile, the image of the wetted region of Fig. 8(b) clearly revealed that the patterned oxides had retained their alignment at the interface even though they had experienced the wetting and the roughness of the interface is seen to have increased.
To investigate the composition of the interface, EDS (energy dispersed spectroscopy) measurements were conducted. Figure 9 shows the SEM image and the EDS spectra taken from the points indicated in the SEM image. The spectrum of point-A was from the space between oxide islands. It shows that aluminum precipitated at the interface and zinc hardly existed there. It is generally well known that ironaluminum intermetallic compounds are formed firstly and they inhibit the formation of the zinc-iron intermetallic compounds in the early stage of the galvanizing process. [24] [25] [26] Although the product at the interface was not identified in this work, it is indicated that the aluminum precipitated from the molten zinc to the interface prior to the reaction of zinc to the substrate iron in this sample. This aspect is consistent with the generally known reaction in the galvanizing process. Likewise, the aluminum precipitation was indicated by also the spectrum of point-B that was at an oxide island. This was because the peak intensity of the aluminum of the spectrum was still high even considering the existence of aluminum oxide that showed only a small peak of oxygen in that spectrum. The aluminum-precipitated layer was regarded from the SEM image as located beneath the oxide island. From the particles observed in the SEM image of Fig. 9 , zinc in addition to aluminum and iron was detected as the spectra of point-C in Fig. 9 . The particles were assumed to be nuclei of zinc-iron intermetallic compounds that would finally form a galvanized coating layer.
Droplet after Wetting
The specimen at early stage of wetting was shown in the previous section. In this section, the specimen after a longer wetting time will be described. Figure 10 shows the top view of a zinc droplet on a Q-2 sample that had the same patterned surface as shown in the previous section, which was observed by SEM after a wetting measurement. This specimen had experienced wetting for about 10 seconds at 465°C and been cooled slowly back to room temperature. About a quarter part of the droplet is shown in the figure, and the center of the droplet is indicated by a cross on the lower left hand of the figure. The zinc droplet was observed as having brighter contrast compared to the region that had not been wetted. Figure 11(a) shows the surface that was not affected by wetting, or supposed to be identical to the surface before wetting. The appearance of the region near the droplet center shows an almost pure metal surface as shown in Fig. 11(b) as also seen in (b) in Fig. 10 . On the other hand, dispersed dark contrasts were observed on the droplet surface in the outer region on the droplet in Fig. 10 . Images from these regions indicated as (c) in Fig. 10 are shown in Fig. 11(c) . From this image, the dark contrast on the droplet can be seen to be aluminum oxide islands that were located on the substrate surface before wetting.
The above feature indicated that the droplet had diffused between the oxide islands and the substrate surface when the droplet spread and expanded its wetting region to generate such an outer region. The boundary between the inner 'clean' surface region and the 'oxide-dispersed' region is indicated by a dotted line in the figure. The radius of the boundary was about 1.75 mm for this sample. The wetting radius of the Q-2 shown in Fig. 4 corresponds to the very data of the sample shown here. The radius of the boundary of 1.75 mm was approximately consistent with the wetting radius when it had transferred from the initial stage to following spreading stage.
Discussion
The schematic illustrations of the wetting behavior as thus far described are shown in Fig. 12 . Figure 12(a) is a side view of the initial stage, and the following spreading stage is illustrated both the side and the top view in Fig.  12(b) . The sizes of the droplet and oxide islands were exaggerated to illustrate the phenomenon more easily in these figures.
The initial contact angles of the patterned samples were revealed to follow the Cassie equation as shown in 3.2. The satisfaction of the equation had been expected in some previous reports. 13, 19) Lee et al. which discussed the wetting mechanism in detail and attempted to confirm the relation with actually-used steel materials, although there was some deviation due to the difficulty of characterization of those surfaces. 13) This relation was firstly confirmed for the wetting of zinc-aluminum on an oxide-iron system in this work because the wetting measurements were conducted on the model surfaces with well-defined oxide islands. This fact indicated that the initial stage of the wetting, and possibly also of the practical hot-dip galvanizing process, could be treated as a static wetting. The following is the supposed reason why it behaved like static wetting.
The initial reaction of hot-dip galvanizing by using aluminum-contained zinc had been well investigated, and generally reported that iron-aluminum inhibition layer forms foremost at the interface. [24] [25] [26] In the same manner, the aluminum was precipitated to the interface and the iron-zinc intermetallic compounds are hardly formed at the initial stage of the wetting in this work, as shown in 3.3.1. Although the phase of the aluminum compound at the interface was not identified in this work, it can be said the that the aspect is consistent with that in the general galvanizing process and the aluminum is assumed to be an iron-aluminum intermetallic compound from the phenomenological point of view. Therefore, the authors supposed that the initial wetting behavior of the general galvanizing process to form ironaluminum inhibition layer was mostly simulated in our experiments. More importantly, this initial reaction did not scatter the surface oxide islands located on the surface before wetting, and the oxide islands remained in their original position on the substrate surface, or at the interface at that time, as shown in 3.3.1. This means that the value of oxide coverage did not change before and after the instant of the contact. This is assumed to be the very reason why this system behaved as like static wetting. This is because, the Cassie equation would not have been satisfied any more, if the oxide islands had been scattered and the oxide coverage had changed due to some reaction. It should be noted that this confirmation could also be made because the wetting experiments were conducted on model surfaces with well-defined oxide islands.
After the initial stage, the wetting behavior transferred to the following spreading stage. It was revealed that the zincaluminum droplet diffused between the oxide islands and the substrate surface, and the oxide islands were lifted up onto the droplet in this stage as shown in 3.3.2. The driving force of the spreading is supposed to be the diffusion of zinc-aluminum to react with fresh iron surrounding the droplet to reduce the total energy. In addition, the droplet does not need to wet on the oxide that shows a high contact angle, because the spread can proceed along the substrate surface unlike the initial stage that is forced wetting. Then, the situation here can be simply explained as the droplet having taken the most favorable path to react with iron, not onto the oxide, to minimize the effort when it diffused.
The question is what triggers the spreading stage at the end of the initial stage. It has not been clear in this work, but it can be presumed to relate to formation of iron-aluminum intermetallic compounds at the interface. The interface shown in 3.3.1 was just after the initial stage. Some nuclei of iron-zinc alloy were found at the interface at that time. This seems to indicate that the formation of iron-zinc alloy could proceed after this as in the well-known procedure in galvanizing. 24, 25) It would be suggested that the diffusion manner of the droplet could be affected by such transition of reaction. Further investigation on time dependence of the interface structure would be expected to answer this question.
The spreading kinetics or the velocity in the sessile drop method of zinc on steel materials has been discussed in some reports in terms of reactivity. 12, 19, 21, 27) It seems to be a consensus that surface oxides of steel apparently disturb the spreading and this is generally consistent with the tendency in actual production. From this work, it could be suggested that the affect of the surface oxide on the spreading of a droplet is to restrict its diffusion path. On the other hand, it should be noted that such spreading kinetics does not simulate the reaction in the practical hot-dip galvanizing process, because the substrate is continuously dipped into the molten zinc before the droplet spreads spontaneously. This means that some aspects connecting a sessile drop method and a practical condition are needed concerning to reactivity. In this work, it is revealed that the droplet diffuses into between oxide and substrate iron in the spreading stage as already described above. Although further investigation to clarify what happen in a practical process will be a future work, this diffusion manner would be suggested to play a key role also in the actual galvanizing process.
Conclusions
The wetting experiment by molten zinc-aluminum was applied to tailored model surfaces of iron to investigate fundamental behavior in the hot-dip galvanizing process for automotive steel applications.
(1) Well defined Al2O3 islands were successfully patterned on 15 mm × 15 mm square areas of iron surfaces by PVD with commercial metal masks and plastic masks.
(2) The sessile drop method with zinc-aluminum and the interface analysis of the early stage of wetting were conducted in a laboratory-made apparatus with a unique spin-off technique.
(3) The initial contact angles of the patterned samples followed the Cassie equation. This indicates that the wetting of zinc-aluminum on an oxide-iron system can be treated as static wetting in its initial stage, even though the system is originally a reactive wetting. The reason was assumed to be that the wetting of this stage did not scatter the alignment of surface oxide islands. (4) The molten zinc-aluminum on a patterned sample diffused into the interface between the oxide islands and the substrate in the stage after initial wetting. This diffusion manner of zinc-aluminum is assumed to play a key role in reaction and the formation of the interface during the hotdip galvanizing process.
